In shallow water, active detection of a small moving target can be difficult because of strong echoes from large fixed obstacles. To cancel strong unwanted echoes, differences between successive acquisitions can be achieved, however they are very sensitive to fluctuations. A projection method combined with a fast acquisition technique is proposed as a robust alternative. An ultrasonic experiment is presented: a 64 transducers linear vertical array is used to detect a small target moving above a large obstacle in a waveguide. To reduce acquisition time, 8 groups of adjacent elements transmit linear frequency modulations with increasing delays in a single emission. The 8x64 array response matrix is then obtained by correlations and time windowing. The projection is achieved between two acquisitions obtained while the target is moving, in order to remove the obstacle's contribution. Namely, the second acquired matrix is projected on the space orthogonal to the 8 singular vectors of the first acquired matrix. Then, it is shown that the first singular vector of the projected matrix focuses on the second target's position. Comparisons are made with the decomposition of the time reversal operator in differential mode and conventional beamforming.
I. INTRODUCTION
Time reversal techniques have been widely studied over the past 20 years. Their ability to focus a wave both in space and time has been applied in several fields, especially in underwater acoustics, either for detection [1] or for communication [2] . One major hypothesis supporting these techniques is the stationarity of the medium. However, in many configurations, either at a laboratory scale or at sea, this hypothesis is not verified, and the time reversal invariance is affected. Several causes can be responsible for the fluctuations as array oscillations, surface waves or target motion.
Among time reversal techniques, the DORT (French acronym for Decomposition of the Time Reversal Operator) method is clearly affected by fluctuations in the medium. This method, described in many papers, consists in the measurement of the array response matrix, often called Multistatic Data Matrix (MDM) and denoted K, and in the analysis of the invariants of the corresponding Time Reversal Operator (TRO) K*K. It has been shown that one eigenvalue of the TRO is generally associated with a single scatterer. Experiments were carried out in a waveguide at laboratory scale [3] , and in shallow water [4] , showing that the DORT method, like other time reversal techniques, takes advantages of the multiple reflexions at the interfaces of the waveguide. During the experiment at sea, a consequence of the non-stationarity of the medium and of the array has been observed: several singular values were raised by a single target. This observation has motivated the analysis of the effects of different types of fluctuations on the decomposition of the time reversal operator. In a first study, Philippe et al. observed the effect of small displacements of a scatterer during the MDM acquisition on the distribution of the singular values [5] .
Another issue for any active detection technique appears when a large scatterer saturates the detected signals and hide the echo of a small target. For example, this is the case in shallow water for a diver in the presence of strong bottom reverberation. Then, differential methods can be used to take advantage of the target's displacement. When the displacement is slow enough to be assumed as static during one MDM acquisition (quasistatic approximation), the difference between two successively acquired matrices can be used to cancel strong unwanted echoes. This idea can also be used to monitor perturbations, as it was done in Rakotonarivo et al. for the localization of small changes in a multiple scattering medium [6] .
For target tracking, differential methods can be a good way to eliminate stationary unwanted echoes, as it was done in Fouda et al [7] . Likewise, the differential DORT method was applied to monitor fluid injection in a model medium [8] . One main draw back of differential techniques is that they are very sensitive to the uncontrolled medium's fluctuations, the array displacements and the stability and dynamic of the electronic device. In acoustics, since the acquisitions are time-consuming, the results can be seriously degraded.
Projection methods can be robust alternatives to avoid the sensibility of the differential mode. Song et al. have shown the possibility of doing reverberation nulling by minimizing the acoustic energy incident on the interface of a waveguide [9] . A similar approach for a medical application was proposed by Cochard et al. who developped an adaptive technique to focus through the ribs by projecting the focusing emissions on the subspace orthogonal to the singular vectors of the ribs [10] .
Fluctuations in the medium together with fixed obstacles obstructing other scatterers are considered as major issues in detection and localization at sea. To answer both problems, this paper proposes to use the DORT method with a rapid MDM acquisition method combined with a projection technique. The method is presented through an ultrasonic water tank detection experiment with a moving target in a waveguide in the presence of a very large obstacle, and both surface and array fluctuations.
The paper is organized as follows : In Sec. II, the experimental setup is explained, and a rapid MDM acquisition technique is introduced. In Sec. III, the detection results of the target in the obstructing medium are displayed for classical methods : Beamforming and conventional DORT method. Results for the differential mode of the DORT method are discussed in Sec. IV. The projection approach for the detection of the moving target is then studied in Sec. V.
II. PROOF OF PRINCIPLE EXPERIMENT IN A PSEUDO-2D GEOMETRY
A 64-channel electronic device coupled to a vertical transducer array is used to transmit and receive ultrasounds. It's central frequency is 3.5 MHz. The array pitch is 0.417 mm. The waveguide is long enough to be considered as a semi-infinite medium, the water depth is 30 mm and the bottom is made of plexiglas. As represented in Figure 1 , the vertical array spans the whole water column, in order to gather the maximum information returned by the medium. A steel plate used as a fixed obstacle is placed on the bottom of the waveguide. Its thickness is 14 mm, which is almost half the waveguide's depth. The distance between the obstacle and the transducer array is 400 mm. The target is a steel wire placed perpendicularly to the vertical array, and at the same distance than the obstacle. Its diameter is about 0.3 mm, which is more than 46 times thinner than the obstacle's thickness. In this experiment, the target is moved vertically, from the obstacle to the water surface, at a speed of 8 mm/sec. Small flucuations are generated at the top of the waveguide while the target moves. As a comparison, the equivalent for an experiment at sea at a central frequency of 12 kHz would be the detection and localization, at a distance of about 116 m in a water depth of 8.7 m, with a 4 m high obstacle, of a target of size down to 8.7 cm moving at 2.3 m/sec (around 10 knots).
The most natural way to acquire the array response matrix is to perform 64 transmit/receive cycles, each cycle during at least the round trip time of the whole signal emitted, knowing that there are several reflections in the waveguide. The duration of the complete acquisition is conditionned by these round trip times, but also by the data transfer time. As a consequence, it may take several seconds to acquire the array response matrix in this manner, and the target as well as the medium are moving during this time. That is why it is necessary to shorten acquisition time and obtain an inter-element response matrix as fast as possible.
To this end, rather than doing 64 cycles of emission/reception, it is chosen to reduce the acquisition to a single cycle. The array is devided in 8 groups of 8 consecutive transducers for the transmission (Figure 2.a) . The signals are received in parallel on the 64 channels. On each transducer, a Linear Frequency Modulation (LFM) is transmitted. The delay between two consecutive emissions is set long enough to ensure that the signals can be separated after reception and short enough to end the emission before the first echo reaches the array.
In order to increase the signal to noise ratio (SNR), the emitted signals are LFM from 2.5 to 4.5 MHz (the central frequency of the array is 3.5 MHz, and the sampling frequency is 80 MHz). The reception is done on each transducer, so that the inter-element response matrix is a 8x64 matrix after cross-correlation and time-windowing (Figures 2.b and 2.c). This configuration allows very fast acquisitions, because the only limitation is the round trip time. It is also a simple way to rapidly acquire the inter-element response matrix. Beyond the duration of the treatment is decreased, since the acquired matrices are smaller. It is already possible to estimate the impact of the obstacle and of the fluctuations thanks to the decorrelation coefficient introduced by Larose et al [11] . This coefficient measures the difference between two signals. It is then calculated for each inter-element impulse response and averaged. For two successive acquisitions without any change, the decorrelation coefficient is around 0.02%. On the contrary, the decorrelation coefficient between the acquisitions K T A, 3 and K T A,4 is 91% in average. As expected, when the target is alone in the waveguide, its movement generates strong differences between two acquisitions. On the contrary, when the obstacle is present, this coefficient falls from 1.5% to 15%, depending on the fluctuations. So, because of the obstacle, it becomes much more difficult to detect the differences generated by the target.
III. BEAMFORMINGS AND DORT METHOD ON SINGLE ACQUISITIONS
In order to know if the target is observable when the obstacle is in the waveguide, a beamforming is calculated using numerical back-propagations in free space of the columns of the matrices K T A, 3 and K 3 at each frequency. The back-propagation produces a focal spot corresponding to the direct path that will be localized at the position of the target, and several focal spots corresponding to images of the target with respect to the interfaces of the guide. Then, an incoherent average over frequencies can be done to increase the signal to noise ratio. This back-propagation provides the number of multiple path that are detected.
Results are displayed on Figure 3 . Without the obstacle, the target is well localized, and up to five images are visible, which increase the SNR in comparison with an experiment in free space. But with the obstacle, it appears that the target is hidden among secondary lobes of the obstacle image. images with respect to the interfaces of the waveguide. The positions of the target obtained for these acquisitions are 7.9mm, 9mm, 10mm and 11.1mm (0mm corresponds to the middle of the array), which is in agreement with the 1mm gap between two positions. This result shows that it is possible to detect and localize a moving target in a waveguide, and each time the focus on the target is visible for a wide frequency band. In the presence of the obstacle, the results are different. Figure 5 (left) displays the singular values of K 2 , K 3 , K 4 and K 5 . For each position, the two first singular values are about 18 dB higher than for the target alone. Only the sixth singular value is approximately at the same level than those of the target alone. The back-propagations of the singular vectors 1, 2, 6 and 7 of K 3 ( Figure 5 , right) confirm this hypothesis : The two first singular vectors focus on the obstacle, and the sixth one on the obstacle and the target, but the target cannot be distinguished. These results show that it is very difficult to detect and localize the target in the presence of the obstacle, and that is why it appears necessary to cancel its echo.
IV. DORT METHOD IN THE DIFFERENTIAL MODE
The differential mode of the DORT method requires two acquisitions, corresponding to different positions of the target. Since the target is situated above the edge of the obstacle, the responses from these two objects reach simultaneously the array, making the task harder. As the target moves and the obstacle is fixed, it is expected that the obstacle's echo will be cancelled by subtraction.
As explained in Sec. III, acquisitions were registered for several positions of the target. For example, K 1 is the response matrix for the obstacle and the target in position 1, and K 2 is the response matrix for the obstacle and the target in position 2. The difference matrix K 2−1 is then written as
The DORT method is applied like before on K 2−1 : Fast Fourier Transform (FFT) and Singular Value Decomposition (SVD). If the acquisitions and the subtraction were perfect, the response from the obstacle would be cancelled after subtraction, and the only responses left would be the ones coming from the two positions of the target. Therefore, the matrix K 2−1 would have two dominant singular values, one for each position of the target, both singular values having approximately the same amplitude, because they are associated to the same target, but at a different positions. This subtraction matrix is equivalent to the one of two targets with opposite reflectivities. Figure 6 shows that the results for K 3−2 and K 4−3 differ. In fact, K 4−3 has high singular values (around 175 dB for the first singular value, which is 10dB higher than the value for the target alone) and the averaged back-propagation focuses on the obstacle. In order to confirm this result, a numerical back-propagation in the waveguide using the RAM (Range-dependant Acoustic Model) code is calculated. This numerical code enables to model a waveguide based on the approximation of the parabolic equation [12] . This approximation is based on the homogeneous Helmoltz's equation in cylindrical coordinates and permits to simulate a waveguide with non-parallel interfaces and to calculate thanks to a recurrence relation the pressure field along the medium starting from the initial field. As expected, the focus is obtained on the obstacle, and not on the target (Figure 6 .e). Similar behaviour was observed for K 2−1 and
On the contrary, the subtraction for K 3−2 went well: The first singular value went down to 167 dB (same amplitude for K T A,3 ) and both the free space and RAM back-propagations focus on the target's position. It is the only case where the subtraction is efficient. In every other cases, the focus appears on the obstacle, showing that the subtraction does not work every time. This is probably due to the presence of small fluctuations at the surface and small displacements of the array, which did not occur between acquisitions 2 and 3.
Therefore, the differential mode does not seem to be robust enough to provide good results every time. This is why we now propose a projection method. 
V. DORT METHOD IN THE PROJECTION MODE
The projection method uses the SVD of two successive acquisitions, denoted K a and K b . The principle is the following :
• Calculation of the FFT and SVD of both matrices
• Projection of the 8 singular vectors of K b on the 8 singular vectors of K a , and subtraction of these projections from K 2
• Calculation of the Transfer Matrix with these new singular vectors
• Calculation of the SVD of this new matrix
In fact, the projections remove the echo of the scatterers that have not moved between the two acquisitions, that is to say the obstacle. Therefore, the first singular value of the new matrix is of the same magnitude than the one of the target. In this experiment, there are only 8 non-zero singular values, so all singular vectors are used in the projections. Figure 7 displays the results of the two projected matrices K 3/2 and K 4/3 . In each cases, one dominant singular value is observed, corresponding theoretically to the target's position. There is a gap of around 10 dB between the two first singular values. It is not as large as the one for the target alone, but it is still high. Moreover, the first singular value after projections corresponds approximately to the target's singular value(around 165 dB in each cases).
Both the free-space and RAM back-propagations confirm this hypothesis. The focal width on the RAM back-propagations is around 1.2 mm, while it is around 6.4 mm on the free space back-propagation (Figures 7.c to 7 .f). That proves significant improvement of the resolution in the waveguide, thanks to five to six reflexions at the interfaces. In each case, the focus on the obstacle is completely removed, and only the focus on the target remains. These results are the same for every positions of the target, which confirms that the projection method is more robust to fluctuations than the subtraction method.
VI. SUMMARY AND DISCUSSION
This paper presents a projection method using the Decomposition of the Time Reversal Operator to detect a moving target while a large obstacle is placed at the bottom of the waveguide. It proposes a simple way of achieving fast acquisitions, thanks to successive Linear Frequency Modulation emissions of 8 transducers groups within one single transmit/receive cycle. It shows that, even in the presence of small fluctuations, the projection method permits to localize the moving target with a high precision, contrary to the subtraction method, which is sensitive to these fluctuations. The proposed simple acquisition method could easily be used at sea with a vertical source receiver as the one used in Brest during the DOREV campaign [4] . Other kinds of movements (horizontal, diagonal) or other types of obstacles should be considered in further investigations.
